A new on-line method of monitoring the total non-hydrocarbons (TNMHC) from the flue or waste gas of stationary sources, which significantly improves upon the current method commonly used in both Taiwan and China, is described. The major problem with the current method is that higher-boiling-point compounds in the waste gas saturate porous materials within the molecular-sieve column used to immobilize TNMHC and elute methane, which sabotages the fixability of TNMHC and leads to false methane and TNMHC readings during continuous monitoring. Our new method effectively circumvents this issue by incorporating a dual-column and back-flush design, rendering it a true gas chromatography (GC) method. Applying this GC method, light hydrocarbons, such as methane, ethane, and propane, can be fully separated by the dual column set. After methane enters the analytical column, a reverse carrier flow immediately back-flushes the pre-column while keeping the analytical column flowing forward by a second flow of the carrier gas for eluting methane. The field application, particularly upon repeated analyses of flue gas laden with complex and elevated levels of volatile organic compounds (VOCs), has shown that self-cleaning by back-flush is necessary when operating at a constant oven temperature.
INTRODUCTION
Volatile organic compounds (VOCs) are a comprehensive term for numerous organic compounds with sufficiently low boiling points and thus high volatility. The volatility of a VOC species is dependent on its molecular size or carbon number in the chemical structure. The abundance of a VOC in ambient air is determined not only by volatility but also by emissions and the atmospheric lifetime, which is controlled by chemical and physical removal rates (Kwok and Atkinson, 1995; Markelj and Pompe, 2016) . While all VOCs are carbon compounds, hydrogen is another common element bound to their structures, and if only these two elements are found in the molecules, they are named hydrocarbons (HCs). Other elements, e.g., oxygen, nitrogen, halogens, and sulfur, can also be present, producing different chemical properties from those belonging to HCs and thus causing different environmental issues, such as foul odors, toxicity, and global warming. Depending on their reactivity to oxidants, such as hydroxyl and nitrate radicals, most VOCs are also precursors of surface ozone * Corresponding author.
E-mail address: cwang@cc.ncu.edu.tw (Alastair et al., 2000; Placet et al., 2000) and fine aerosols (O'Dowd et al., 2002; Hallquist et al., 2009; Chen et al., 2011; Hatfield and Huff Hartz, 2011; Vivanco et al., 2011) as a prominent part of the secondary pollutants, which are often worse in health effect than their precursors of primary in nature (Wichmann et al., 2009; Tsai et al., 2010; Lin and Kuo, 2013; Yorifuji et al., 2013; Shin et al., 2015) . The sources of atmospheric VOCs are numerous and can be divided into two large groups of anthropogenic versus biogenic, of which the anthropogenic group can be further classified into stationary and mobile sources. While the mobile sources are mainly addressed to on-road vehicles, the stationary sources are primarily industrial, and both types of emissions can be controlled through technical and regulatory means with an aim to improve air quality. One of the most effective regulatory means to regulate industrial VOC emissions is to set emission standards for selected industries and, in some cases, to further collect emission fees for these high-emission industries (Clean Air Act Amendments, 1990; Lee, 1991; Ruch and Howeli, 1991; Popp, 2003) , such as petrochemical, semiconductor, flat panel manufacturers, painting, etc. Continuous monitoring of VOCs in waste gas or flue gas of these industries is an important part of the regulatory practice, which is called continuous emission measurement system (CEMS) (U.S. EPA, 1975; Jahnke, 2000) . The CEMS had been successfully implemented for SO 2 and NO x worldwide (Svendsen, 1998; Farrell et al., 1999; Napolitano et al., 2007; Zhang and Schreifels, 2011) , and was recently applied to VOCs to provide a quantitative way to gauge VOCs in flue gas (Ellerman, 2000; Zevenhoven and Kilpinen, 2001; Chestnut and Mills, 2005) . Based on CEMS's results, the emitted quantities are measured in compliance with the emission standards. Overall, CEMS is an effective part of the integrated effort to control emissions and improve air quality.
The CEMS for VOCs is a gas chromatography (GC) technique, designed to measure the total abundance of VOCs in the waste gas of stationary sources (McAlister, 1987; Zhou et al., 2018) . To simplify and ensure reliable measurement, the CEMS uses flame ionization detection (FID) for on-line GC analysis. The simplicity of this technique lies in the determination of VOC mixing ratios using FID to serve as a "carbon counter." By calibrating with the known mixing ratio of methane standard, the VOC mixing ratio of methane equivalence in flue gas is obtained.
The success of the FID based method lies in the removal of methane in analysis. Methane is not counted as a VOC due to its extremely low reactivity to form secondary pollutants (Atkinson, 1986; Gery et al., 1989) . For instance, methane's reactivity is much lower than that of ethane (Atkinson, 2000; Kondratiev and Nikitin, 2012) , the least reactive VOC, by a magnitude of two. Thus, methane is not considered as a VOC to affect air quality. Furthermore, methane could be a major constituent in flue gas since it is a major component in natural gas commonly used as a fuel to burn off the enriched VOCs in the combustive types of scrubbers, such as a regenerative thermal oxidizer (RTO). Therefore, its presence in flue gas could be significant if combustion is not complete. As a result, separation of methane from other VOCs in the sample is pivotal to the robustness of a CEMS method. Separation of methane from VOCs requires elution from GC to be kept at an elevated temperature, for instance 150C, to prevent condensation of high-boiling-point VOCs. A typical aliquot of a flue gas sample would result in two signals of total HC (THC) and methane and thus, by subtracting the methane mixing ratio from the THC mixing ratio (of methane equivalence) yields the mixing ratio of total non-methane hydrocarbons (denoted as TNMHC) (Eq. (1)).
where TNMHC = FID signal of total non-methane hydrocarbons; THC = FID signal of total hydrocarbons; CH 4 = FID signal of methane. Erroneous results or bias in the measurements could result from either one of the following two possibilities. First, the separation of methane is not complete and other small molecules of VOCs, e.g., ethane, ethanol, acetone, etc., co-eluted with methane and together is counted as "methane." Such an overestimate of methane would subsequently result in an underestimate of the TNMHC level by referring to Eq. (1). The second possibility would be the opposite of the first, that is, methane is underestimated from analysis, and consequently, the TNMHC level is overestimated. This problem could arise from the saturation of the filter column, which is a piece of metal tubing packed with porous materials such as molecular sieve (MS) to act as a filter to immobilize TNMHC and let methane pass through. The continuous operation of the method in the online mode over time would lead to gradual saturation of the porous materials in the filter column and eventually loss of separation efficiency of the filter column. The first possibility is caused by a fraction of NMHC, possibly lighter fraction, passing through the filter column to combine with methane due to the degrading separation power, leading to false positive error (overestimation) for methane and therefore false negative error (underestimation) for TNMHC. The second possibility is the worsening peak shape of methane caused by the gradual saturation of the filter column, resulting in unsuccessful recognition and integration of the methane peak by the integration algorithm. In this case, the methane level would be reported as a near zero value and thus an overestimate of TNMHC occurs. The aforementioned two possibilities are all rooted to saturation of the porous materials in the filter column when operated in CEMS mode. In this work, a modified method is introduced to eliminate the two possibilities arising from the faulty design based on filtration.
EXPERIMENTAL
The current government recognized monitoring method implemented at Taiwan and China adopt foregoing filtration mechanism (EPA, ROC, 2011; EPA, CN, 2017) . To facilitate understanding the new method, Fig. 1 illustrates the conceptual schematics of the existing filtration method. The sample aliquots filled within the two sample loops of equal volumes are flushed by the carrier gas (zero air or nitrogen) into two approximately equal flows. One flow goes to a "dummy" column, which can be an unpacked stainless steel (s.s.) tube with a flow restrictor, or an s.s. tube packed with fine passivated glass beads to balance out the resistance from the analytical channel ( Fig. 1(a) ). This dummy column has no chemical force and therefore does not exert any separation power and only gives rise to the signal of THC, containing methane. The other analytical channel is a column packed with molecular sieve (MS-5A, 1 m × 2.0 mm I.D.) kept at 150°C oven temperature used to separate methane from TNMHC, called the methane filter. Due to the small molecular size of methane, it penetrates the MS column and leave behind larger molecules of VOCs. For the two parallel columns in Fig. 1(b) , the THC peak would elute faster from the dummy column than the methane peak eluting from the MS column due to the smaller impedance of the dummy column. Only two peaks are observed from each injection of GC analysis, i.e., THC and methane, and the result of TNMHC is acquired by subtracting the THC mixing ratio with the methane mixing ratio.
Similar to the filtration method, the new method is a GC-based technique. However, different from the filtration method which uses two separate sample loops with identical volumes, our new method uses only one sample loop and splits the sample aliquot into two flows to the methane channel and the dummy channel ( Fig. 2(a) ). The basic working principle is still the same in accordance with Eq. (1); however, the analytical channel (or methane channel) for separating methane from TNMHC is different. The methane channel is formed by two columns, namely a pre-column packed with a porous material called Sorptive X (1.0 m × 2.1 mm I.D.) connecting with an analytical column packed with Sorptive Y (0.3 m × 2.1 mm I.D.) in series kept at 150°C. The dual-column configuration is different from the single column design adopted in the filtration method. The dual-column design is to perform methane separation by flowing the sample through the dual-column set (Fig. 2(b) ). Immediately after methane is separated and has been eluted to the analytical column, the back-flush step is executed and the two columns are now disconnected to allow elution to occur simultaneously and independently (Fig. 2(c) ). Within the analytical column, methane is continued to be pushed forward and then eluted out to FID to produce the signal of methane. Simultaneously, while methane is eluting from the analytical column, another flow of carrier gas flushes the pre-column from the opposite end to create a reversed flow to flush all VOCs to vent (Fig. 2(c) ). At this point, the GC system is ready for the next analysis.
To test the new back-flush method, a standard mixture containing methane, ethane and propane at 10 ppm (v/v) were tested, and the results are shown in the following section. Another standard mixture containing methane and propane at methane 900 ppm (v/v) and propane 9000 ppm (v/v) were tested for quality assurance.
RESULTS AND DISCUSSION

Method Validation
The back-flush dual-column is a typical GC technique when working at a fixed oven temperature. The major advantages of this design are speed and simplicity. Temperature ramping for higher separation power to separate a complex mixture is not needed in this particular application, since only methane separation is required. Because temperature ramping is time consuming, the fixedtemperature back-flush design can substantially reduce the analysis time. In our design, using narrow-bore s.s. columns (O.D. = 1/16ʺ), each analysis can be completed within one minute. When temperature ramping is not required, the GC parameters can be greatly simplified due to the omission of elaborate temperature-control hardware and software for the GC oven. When the isothermal concept is adopted, the dual-column back-flush mechanism become absolutely necessary in order to elute higher-boiling-point VOCs than methane. The dual-column back-flush design always refreshes the pre-column during each analysis to prevent higher-boiling-point VOCs from accumulating in the column, resulting in the loss of separation efficiency and breakthrough of small molecules.
By contrast, the filtration method uses only a single MS column for methane separation, and no back-flush mechanism is incorporated. The MS column only acts as a VOC retainer to only allow methane to pass through due to the small pore size of MS-5A. A common feature with the MS filter is that the porosity that holds up the undesired components can get saturated over time, and when the saturation point is reached, breakthrough is inevitable. Although, in theory, the methane filter can be prematurely replaced to avoid breakthrough and ensure clean filtration of methane, there would be no clear indication of the time for premature replacement, since saturation would be circumstantial depending on the matrix conditions of the waste gas. Unless the system check is performed frequently, filter saturation from the normal CEMS reading cannot be easily detected when the system is used in a continuous mode. The system check can be performed by injecting a standard mixture of methane and ethane. If the response or peak shape of methane has changed compared to the earlier results, it could imply saturation has reached. With the methane filter method, the rate of saturation will depend on the nature of the waste gas. For the waste gas containing high levels of VOCs and dust, the lifetime of the methane filter would be shortened due to early saturation, which would call for more frequent system checks or even column replacements to avoid breakthrough, resulting in greater maintenance demands, logistic burden and greater cost in the long run. Breakthrough is the primary reason to cause either over-or underestimates of methane and, consequently, bias in the TNMHC measurements.
Our back-flush method is a true GC method in the way that methane can be fully separated from TNMHC. To have an unambiguous separation, this method clearly demonstrates the separation of methane from ethane and propane, the very small molecules only second to methane in size (Fig. 3) . When methane and ethane are clearly separated, the cutting point to perform back-flush can then be decided. In this example, 0.7 min is our cutting time which has to be earlier than the valley of 1.4 min between the two peaks. When the back-flush is performed, compounds after methane (in this case, ethane and propane) no longer flow to the analytical column and the resulted chromatogram only shows the peak of methane (Fig. 4) . Instead of being Fig. 3 . GC trace of the standard mixture containing methane, ethane and propane. A complete separation of methane from ethane and even propane is clearly shown. Fig. 4 . Back-flush at 0.7 min to only allow methane to come out of the analytical column, while ethane and propane are reversely pushed out of the pre-column to vent. The first tall peak is total hydrocarbons and the second peak is methane.
flushed to the analytical column, ethane and propane, representing the higher-boiling-point VOCs, are all reversely flushed out of the pre-column to vent.
Quality assurance of the back-flush method is demonstrated by the linearity and reproducibility of the method by analyzing the standard gas mixture. The linearity was tested by filling the sample loop of 1.73 mL with standard gas of various mixing ratios to construct calibration curves for both THC and methane (Fig. 5) . The precision as revealed by the error bars in Fig. 5 ranges from 0.05% to 0.75% (RSD) for methane and from 0.08% to 0.55% for THC based on five replicates (N = 5) of the five calibration points, which are well within the requirements of 25% as specified in the method of NIEA A723.73B. The detection limits based on 3 standard deviations were calculated to be 0.25 ppm for methane and 0.44 ppmC for THC based on seven replicates of the lowest mixing ratios of the fivepoint calibration curves (1 ppmC for methane and 2 ppmC for THC).
Field Test
The new method was tested in a semiconductor factory on a major house exhaust pipe. This pipe was used to vent organic fumes from the manufacturing processes. To remove VOCs in the exhaust gas, a regenerative thermal oxidizer (RTO) as a scrubber was installed before the opening vent of the pipe. The removal efficiency of the scrubber and emissions at the opening was monitored by the system based on the existing method of filtration which had been operated for some years. Two monitoring points, before and after the RTO, were made with a time interval of 15 minutes to switch between the two points. For comparison, our back-flush method was also installed alongside the filtration method. The comparison was performed for a week continuously without interruption. In Fig. 6 , a fraction of the dataset from the two instruments were compared for the mixing ratios of THC and methane at the inlet of the RTO to highlight the discrepancy. In Fig. 6(a) , the THC level varied with time and both methods were able to see similar variations between 120-150 ppmC. In Fig. 6(b) , the methane mixing ratio at the inlet showed large discrepancy between the two methods. Our new method showed a rather constant value around 1.5 ppmC, whereas the filtration method showed zero methane mixing ratio most of the time, except for a data point that abruptly rose to 1.5 ppmC at 15:30, but rapidly fell and remained at zero for the rest The filtration method was switched between six sampling points of the stack, whereas our back-flush method was only switched between two sampling points, i.e., before and after the RTO unit, resulting in more data points than the filtration method.
of the monitoring period. Since natural gas was used as the fuel to bake off enriched VOCs from the RTO, trace level of methane ought to exist. As a result, the zero mixing ratios of methane detected by the filtration method seemed to be questionable. It was speculated that the saturation of the MS-5 column leading to the loss of absorptivity was the cause for not being able to detect methane. Although methane was able to pass the filter, the separation power was lost due possibly to saturation. The saturated MS material was behaving more like smooth solid spheres without sufficient micro-pores to absorb VOCs, resulting into poor peak shape of methane and, thus, undetectable methane level. For the inlet, since TNMHC is the net result of THC subtracting methane, the measured NMHC values would be similar between the two methods, approximately 120 to 150 ppmC, due to the low methane mixing ratios. Therefore, the consequence of underestimating methane level was minimal at the inlet of RTO. However, the consequence became more severe at the outlet. Fig. 7 shows the outlet mixing ratios for THC and methane from the two instruments. The THC mixing ratios were approximately 5 ppmC and thus, very low compared with the inlet level ranging between 120 and 150 ppmC, suggesting the RTO was at work to remove VOCs in the flue gas with a removal efficiency greater than 95%. Again, the methane level was not successfully detected by the filtration method due possibly to saturation, in this case causing false negative bias in the methane measurements. Our back-flush method was able to consistently detect methane, showing similar mixing ratios to the inlet ones. An abrupt drop in methane level from 1.7 to 1.4 ppmC was caused by the fuel supply irregularities with the RTO. As a result, our method reported a TNMHC level of approximately 3.5 ppmC, whereas the filtration method reported approximately 5 ppmC, an overestimate of 40% due to the false results in methane measurements. Since the TNMHC mixing ratios at the outlet are oftentimes the official values to be reported to the regulatory agencies, therefore, in this case, the filtration method would overestimate the level of TNMHC to the extent that is intolerable to both users and regulatory authorities.
CONCLUSION
The filtration method, which is susceptible to saturation by high-boiling-point VOCs and subsequently produces a measurement bias for TNMHC in waste gas, can be improved by implementing a back-flush. The lack of a bake-off procedure with the filtration method inevitably results in the saturation of porous materials in the filtration column. Our newly designed back-flush method is a typical GC method that uses dual columns-a pre-column and an analytical column-to fully separate methane from TNMHC and even ethane and to clean the pre-column every time an aliquot of a sample is analyzed. The continually refreshed pre-column greatly minimizes column saturation and thus greatly reduces the likelihood of a systematic bias during the CEMS mode. 
